INTRODUCTION
The roadside is an integral part of any highway, and its design and maintenance must seek to satisfy a number of often conflicting requirements.
It should, for example, be harmless to encroaching vehicles, pleasing in appearance, economical to build and economical and easy to maintain; it must be capable of accommodating traffic control and information signs, lighting standards, the pole-lines of telephone and power utilities. It must provide adequate drainage for the highway and it must provide space for the stopping of vehicles off the travelled portion of the highway. The requirement that the roadside be rendered harmless to encroaching vehicles is the specific focus of this paper.
A typical roadside contains many features that are potentially hazardous to encroaching vehicles and their occupants. The hazardous features may be objects, such as utility and highway lighting poles, sign posts, bridge abutments and trees, or the features may be parts of the more permanent roadside environment, such as ditches with front or back slopes and rock-cuts.
In most cases there is interaction among the hazardous features in the form of shielding effects, where one object or set of objects may mask the hazardous effects of other objects or features. For example, trees lining a rock-cut or a river will effectively render these features harmless; however if the trees are removed both features will become more prominent hazards. Whether, and by how much, the degree of hazard changes when shielding is altered will depend on the characteristics and location of the features involved. If, in the above example, the trees are substantial and located fairly close to the road they may represent more of a hazard than the features they are shielding. If they are located close to the rock-cut and river which are far away from the road, however, their removal may not materially change the hazard level, Vehicles encroaching on the roadside do so at varying speeds and along paths at different angles to the travelled portion of the road. Under otherwise identical circumstances different speeds and directions of encroachment will result in different consequences for an encroaching vehicle and its occupants. For example, at small angles of encroachment features and objects located some distance away from the travelled portion of the road will generally not constitute hazards since an encroaching vehicle, generally, will be unable to reach them.
The consequences of vehicle interactions, collisions, with objects and other roadside features depend on many factors such as vehicle speed, mass and rigidity ; object dimensions, mass and strength; the number of vehicle occupants, their physical condition and age and whether or not occupant restraint systems are used.
Little is known about how many vehicles are encroaching on the roadside. According to the Hutchinson and Kennedy's study of over 6 million vehicle trips during the three-and-one-half years period, less than 1/5 000 of 1 % involved a vehicle encroachment upon the median (Hutchinson and Kennedy 1966) . This low rate of encroachment makes it difficult to collect data on roadside accidents.
There are a number of earlier studies on the subject of roadside hazards. Many of them deal with specific roadside features. Among these features are; guardrails , Ross and Post 1973 , Ross 1976 , Glennon and Tamburri 1977) ; utility poles (Edward 1969 , Walton 1973 , Graf 1976 ) ; median dikes (Dunlap and Grote 1972) ; shoulder design (Dean 1976) ; and crash cushions (Hirsh 1970 , Marquis 1976 ). Other studies deal with more than one kind of roadside hazards. They tend to be more statistical than analytical in their methodology (Tutt and Nixon 1970 , Glennon 1974 , OECD Road Research Group 1975 , Wright and Robertson 1976 , Nowak 1976 .
In estimating the consequences of roadside encroachments, two basic approaches have been used. One approach, based on an extremely detailed three-dimensional trajectory estimation using computer simulation, is represented by the Highway-Vehicle-Object Simulation Model (HVOSM) developed by Calspan over a decade since 1966 (McHenry 1967 , 1968 , Segal 1976 . HVOSM was used to simulate the interaction between a vehicle and other objects or terrain features, such as : cable barriers (Pinkney et al. 1972 ) ; concrete median barriers (Young et al. 1973 , Labra 1977 ; sloping culvert grates (Ross and Post 1972, 1974, ) . HVOSM is designed for the detailed examination of a single vehicle trajectory and not for the general evaluation of roadside effects and its use for such a purpose is prohibitively expensive even with current high speed computer technology.
The other approach is to construct various models based on the notion of severity indices. One of the best known among these models is the one developed by Glennon and published in the AASHTO Traffic Barrier Guide (AASHTO 1977) . The problem with these models is that they all assume one average departure angle (11 degrees in Glennon's model and 15 or 20 degrees in the De Leuw Cather model) and departure speed variation is not adequately accounted for.
Using a constant departure angle forces the model to assume one possible departure point as defined by the position of an object. Any additional obstacles located within the "shadow" of protection so defined behind the primary object or guardrail must be assumed immune from collision. In fact this is far from the truth, as about 60% of departure angles are less than 11 degrees for near-side encroachments. In addition, the severity indices employed are usually based on some form of accident statistic ratio (injury accidents/total accidents) which is arrived at by aggregating accident information, often from a wide range of sources in which obstacle categories have been combined out of necessity or expediency. Severity indices will be discussed in detail in the next section.
The need for a new approach which can bridge these two extremes was called for in order to estimate the relative safety of a variety of roadside configurations and hazard characteristics. The Roadside Hazard Simulation Model (RHSM) was developed for Transport Canada in the late 1970's primarily as an efficient tool for comparing various roadside designs and obstacles over a wide range of encroachment conditions.
MEASURES OF SEVERITY
The RHSM requires a measure of severity for off-the-road incidents as an essential system component. The so called "severity index" should have the following characteristics :
It must be a single value unique to incident consequences. It must be conceptually appealing and consistent among various kinds of incidents. It must be easy to compute from experimental or actual accident records. It must be capable of translation into fatalities, injuries and property damage. At least a dozen different "severity indices" have been used in various studies, and a brief review is in order to justify the development of a new index. It should be mentioned that the coverage of literature is by no means exhaustive or extensive. Conventional severity indices have been divided into two major groups; one is statistical in nature and the other is analytical, although the latter may require statistical treatment for its calibration.
In the statistical approach, the severity index is based on the number of accidents reported. The most common definition is as follows (see De leuw Cather 1975 , Glennon 1973 , Roy Jorgenson 1976 , Hall 1976 where : F= Number of fatal accidents, I=Number of injury accidents, p=Number of accidents with property damage only, N =Total number of accidents The difference between (1) and (2) is the weighting in the second formula by psuedo-cost-conversion factors. The problem with these statistical severity indices is that they depend on database quality and do not necessarily yield consistent results.
The analytical approach is based on some of the physical characteristics of accidents. Among these are vehicle damage, velocity change and deceleration, and the level of injury or probability of fatality for the occupants. The latter, the severity level for the occpants of a vehicle, is a secondary factor which is derived from the consequences of vehicle motion ; it may be regarded as a function of the severity index related to the vehicle itself.
However, the wide range of occupant characteristics such as age, use of restraint system and relative position in the vehicle compartment makes it rather difficult to establish relationships between the vehicle severity index and that for the occupants. An example of such an effort is found in the study by Watson and Shiels (1975) where the nine-point American Medical Association's Abbreviated Injury Scale (AIS) level is estimated from the age of the occupants and the Collision Deformation Classification (CDC) numbers. There are many other severity indices related to vehicle occupants' tolerance limits, but little has been done to establish the relationships between vehicle and occupant severity indices. The study done at the University of Saskatchewan is one example (1976). The severity indices associated with the vehicle itself are also numerous. Some of them are given below. The severity index based on deceleration and occupant tolerance limit was used in some studies of impacts with guardrails and other roadside structures (Olson 1974 , Weaver 1975 . It compares average deceleration with the tolerance limit for each directional component.
Gxm, Gym, Gzm=Maximum tolerable deceleration in the three axes The maximum tolerable deceleration vary with the restraint system used, and also among different studies (Graham 1967) .
A severity index based on the change in velocity (Q V) has gained wide popularity since the development of the SMAC and CRASH accident reconstruction programs made it possible to compute this quantity (McHenry 1973 , Jones 1974 ). However, Q V has the shortcoming of failing to indicate the abruptness of a crash, resulting in poor correlation with other severity parameters such as the AIS level (Burgett 1975 ). This inconsistency becomes more prominent when crashes with various roadside features with different stiffness is considered. Obviously the severity of a crash with a bridge abutment is not the same as for a collision into soft bushes, even though the changes of velocity might be identical.
The physical damage to a vehicle is another measure of severity. It is given by the absolute value of deformation of the vehicle body, in inches, as computed in Equivalent Barrier Speed (Campbell 1974 ), or by scaled indices such as CDC or TAD (Route 1969). Here again inconsistencies become apparent when these indices are used to describe single vehicle crashes with features of varying stiffness.
There is a gradual trend to consider more than one parameter associated with an accident. A good example is the work done by Tarriere and others in which two parameters are used to classify accidents, namely the speed change and the mean deceleration (Tarriere 1975 ). However, these parameters were not combined into a single measure.
A more desirable form of severity measure is one in which both change of speed and abruptness of change (deceleration) are combined into a single value. Moffatt proposed the following formula for a desirable severity measure (Moffatt 1976) .
In this formula the severity index is a function of velocity change (, 4 V) and an equivalent stopping distance (aS), which are the first and second integrals of the deceleration pulse during a crash.
A moving vehicle possesses a certain amount of kinetic energy which is dissipated when the vehicle comes to a standstill. Any reduction in the vehicle's speed, whether it is a crash with another vehicle or object, or a simple braking maneuver, dissipates kinetic energy.
If energy dissipation is accomplished over a reasonable period of time neither vehicle nor occupants suffer damage. The ordinary braking maneuver falls in this category. However, when the energy is dissipated in a short time, an accident is considered to have taken place. In an extreme case the energy dissipation is almost instantaneous, such as when crashing into a rigid barrier. This would be a severe accident. Accordingly, it is the time of energy dissipation that makes the difference in the consequences. The amount of energy dissipation per unit of time is defined as power and is given in the following formula :
where : P=power, V=velocity, m=mass, t=time If (5) is divided by the mass of the vehicle, a uniform severity measure is obtained which is independent of vehicle weight.
where : d V =velocity change, d V =distance travelled, a=deceleration Equation (7) satisfies the requirement established in (4) as one way of combining velocity change and stopping distance. It may also be written in the form of equations (6) and (8) . Equation (6) is one step further from Tarriere's study because it combines speed change and deceleration into a single value, power.
Equation ( 8 ) deserves some attention because of its similarity with Gadd's severity index (Gadd 1966) In his formulation, a SI =1 000 is considered as the human tolerance limit; it was later modified to 1 500. Similar severity indices are proposed in other studies (e. g., Newman 1975), all of which are given as a function of time and deceleration. Although there is much criticism (Hodgson 1970 , Versace 1971 ) of Gadd's log-linear approximation of very limited data and the appropriateness of the constants used, it is probably not coincidental that the severity index based on the power concept resembles Gadd's severity index. For the time range used in the formulation of the latter there is little justification for the exponent value of 2. 5 as was pointed out by Versace. In fact, the curve based on ( 8 ) closely matches that of ( 9). It is not known whether the human tolerance limit is linearly related to power, but this fact does not invalidate the severity index based on the power concept as an adequate indicator of the level of severity associated with the vehicle itself.
The theoretical paper by DiLorenzo examined the correlation between power and bodily injury (DiLorenzo 1976). It should be noted that his paper is the first one which uses power as the primary factor in injury causation. It lends credibility to the use of power as a measure of accident severity. It should be noted that the power concept achieves the combination of more that one parameter in a logical way. It is also worthwhile to note that the interchangeability of equations (6) through (8) will be of help when some parameter values are missing.
THE MODEL DEVELOPMENT
Vehicles encroach roadsides at various angles and speeds, and from any point along the road. The consequences of these different initial conditions of encroachment may vary widely. It is desirable therefore to take every combination of initial speed, angle, and encroachment position into consideration. The overall effect of a roadside environment can be assessed only after all these possible incidents and their consequences are aggregated.
Due to the great number of possible combinations of roadside, object, vehicle and occupant characteristics a method is needed whereby the hazard level of any one of these combinations may be estimated quickly and economically, and with an accuracy comparable with that of the rest of the information which will be considered in deciding whether or not a particular roadside should be modified. A computer simulation model (HVOSM), capable of reproducing vehicle movements with a fair degree of accuracy, is already available (Segal 1976 ). However, the cost of making the computations required with this model would make any reasonably comprehensive examination of different roadside features prohibitively expensive even with advanced high speed computers.
This severe limitation of HVOSM made it necessary to develop a less complex model. A simpler model, based on a point mass representation of a vehicle, has been developed. It can simulate a single vehicle trajectory at a fraction of the cost of running HVOSM.
The approach taken in the model was to actually simulate the movement of a vehicle encroaching at a certain speed and angle from a point along the edge of the pavement and to determine the effects of terrain features and objects on this movement. The amount of interaction between the vehicle and the roadside features is measured by the power required to change the vehicle's velocity. This power is transformed into probabilities that certain consequences will result. The weighted sum of all possible combinations of consequence-probabilities represents, as an aggregated measure, the hazard level of a particular roadside.
(1)
Model Basics
In the model a vehicle is represented as a point mass and objects are expressed in terms of high friction coefficients.
It must be noted that the use of friction coefficients to represent objects extends the usual meaning of this concept.
In general terms, a moving mass on a surface with friction coefficient, u decelerates at the rate To extend this concept, a greater deceleration can be achieved if the u value is made larger. The extreme case is a crash to a rigid wall where the deceleration is extremely large, and so is the value of p required to achieve this deceleration. Since the deceleration of a mass can assume any value on a continuous scale, the , u value will also follow a continuous scale. Moderate braking, encroachment to bush or a crash into a rigid rock-cut are all expressed by characteristic values of p. What particular value of p is needed for particular features and conditions must be determined through model calibration. For instance, the p value may vary with the speed of a vehicle as well as with the relative stiffness of objects in its way. A change of terrain slope can also become hazardous if the change is large enough to cause an abrupt increase in deceleration. This again is expressed by a high friction coefficient, at the point of velocity change. Based on this concept, a single vehicle trajectory model was developed.
(2)
Terrain Adjustment RHSM develops a reasonable reproduction of a single vehicle trajectory, at a cost several orders of magnitude less than that of HVOSM. This submodel, which is called Point Mass System (PMS), treats a vehicle as a point with mass and computes acceleration, velocity and location at small increments of time. For some specific cases HVOSM was extensively used to calibrate PMS. Generally speaking, PMS yields results very close to those produced by HVOSM on flat terrain. However, on other than flat terrain correction factors must be introduced to account for airborne landing impacts and for dive-in impact that occur at the bottom of ditches or at the start of back slopes.
It is impossible to reproduce exactly the sprung mass movement of a vehicle simulated in HVOSM by using PMS. What is required in the PMS is the reproduction of high peaks in the power profile, and for this purpose PMS gives satisfactory results. The terrain adjustment factors are obtained by comparing HVOSM and PMS for a series of different terrains. When the terrain slope change is convex the point mass trajectory becomes airborne and then lands with an impact. In the PMS routine the landing impact is accounted for by the deceleration caused by an artificially high friction coefficient at the time of landing. A concave slope change will cause high power dissipation at the point of change; this is also accounted for by a high friction coefficient at the point of slope change.
The method of obtaining the adjustment factor for airborne cases is described as follows. HVOSM was used to simulate movements of a vehicle starting on flat terrain and landing on different down-grade slopes at different speeds and peak power values were generated. Regression analysis was used on 16 cases to derive the relationship between speed, slope angle and the ratio of maximum power to nominal power (the power developed at the point of landing in the adsence of impact). This power ratio, named the terrain adjustment factor, was used to determine the friction coefficient necessary to reproduce the power generated by the impact. A routine for calculating the equivalent friction coefficient values for landing impacts forms part of the simulation model. (R square=Q. 978) (3) Object Adjustment Conceptually, objects on the roadside are defined as natural or man-made items. However, terrain geometry is excluded from this category. Both objects and terrain features can become hazards if they can be reached by a vehicle travelling fast enough to generate adverse consequences. In other words, objects are harmless if they are not accessible, or they produce little damage to the vehicle on contact.
When there is more than one object on the roadside, one or more of them may be shielded by other objects. The RHSM is capable of dealing with shielding effects. The advantage of the variable speed/angle approach over the conventional fixed average speed and angle method is easily understood if one imagines a case where two objects are in line at the average encroachment angle. The conventional model will ignore the second object because it is shielded by the first one even if the second one is more hazardous.
Even if a vehicle does reach an object the level of hazard can vary widely, depending on the characteristics of the object and the speed of impact with it. The severest impact is expected when a vehicle crashes to a rigid wall at high speed. Here the danage is experienced through deformation of the vehicle; this deformation is also the crash distance. For the same velocity change (4 V) the shorter the crash distance, the higher the deceleration and power. A frontal crash to a rigid barrier establishes the upper limit of hazard for a given crash speed. All other objects are considered as some proportion of the rigid barrier case. Three distinct object categories are identified, although it is not always possible to classify an object in a single category. They are rigid, deformable but non-traversable and breakable or traversable objects.
In the rigid object category, the barrier which has dimensions equal to or greater than the cross-section of a vehicle should be rated highest in crash severity. Smaller rigid object such as concrete poles or rigid guardrails will allow longer crash distances if the vehicle is considered as a uniform body. In a real case, however, a hard point such as engine block may cause the vehicle to react as a unit and result in a smaller difference between full barrier and small rigid object crashes. Also, it should be noted that intrusion into the occupant compartment is very much dependent upon the vehicle structure. Consideration of this is beyond the scope of this paper.
Five experimental HVOSM runs into a rigid full barrier resulted in a close relationship between the maximum power generated due to the crash and the precrash speeds. This relationship is included in the model to produce the object adjustment factor for rigid full barrier cases. Less rigid objects are given adjustment factors expressed as a fraction of that for a rigid barrier.
(R square= 1. 00) where : P=maximum power (W/kg), V=precrush speed (m/s) Both deformable objects and breakable objects will generate less power than a rigid barrier because of longer crash distances, resulting in lower deceleration, or smaller velocity changes. A crash to a deformable object lasts until the vehicle stops, whereas a crash to breakable object may release the vehicle after the object has been broken. Many objects may have both characteristics depending on the energy applied at the time of crash. An inventory of various objects and their characteristics in relation to a rigid barrier must be established. This will be an ongoing process of updating and replacing assumptions as information on crashes to various objects becomes available.
The RHSM considers all roadside hazards in terms of equivalent friction coefficients. The location and dimension of the object must also be considered. The roadside area is covered by an imaginary grid consisting of 1 mX 1 m squares as the basic module. Each square is assigned a unique, u value, which can be a genuine terrain surface friction coefficient or the equivalent high, u value which charaterizes an object.
Since the 1 m square grid is the smallest spatial unit, any object smaller than this must be considered to occupy an entire square. This is not unreasonable because the single vehicle trajectory routine assumes that the entire vehicle mass is located at the vehicle's centre of gravity. Considering an average vehicle to be 2 m wide it will collide with any object located within a path of this width.
( 4 ) Initial Encroachment Condition
The RHSM model requires location along the road, angle and speed of encroachment to be entered as initial conditions. Lack of information concerning the distributions of encroachment angles and speeds makes some arbitrary assumptions necessary. Although it is outdated, the most widely used source of information about encroachment angles is the study done by the University of Illinois (Hutchinson and Kennedy 1966) . According to this source the cumulative proportion of vehicles encroaching at angles equal or greater than a given value forms a negative exponential distribution.
The speed distribution of encroaching vehicles is also virtually unknown. Until more reliable data becomes available. it must be assumed that the speed of encroaching vehicles has the same normal distribution as traffic on the highway, although the model can accept any distribution form. For modelling purposes the speed distribution is divided into equal ranges of speed, each with its own probability of occurrence. The product of the probabilities for particular angles and speeds gives the relative probability that an encroachment with these characteristics will occur.
The probability discussed here is important because the level of hazard, and the consequences of a terrain or object feature, is detemined not only by the power developed when a vehicle reaches a point, but also by the probability of access to that point. When comparing two points which have the same power levels, but different probabilities of being reached, it is natural to assume that the one with higher probability is more hazardous than the other.
(5) Probability of Consequences The single trajectory model calculates the power level and the location of a vehicle at various points in time as its primary outputs. However, the power level is only an intermediate result and difficult to interpret by the user. It must be translated into some other index which is more appealing and easier to understand. The basic question in a real encroachment situation is what happens to the vehicle and its occupants. There are four types of consequences expected. They are no damage, property damage only (PDO) which may include very minor injury, injury to the occupants, and fatality. It is often difficult to classify an accident into one category or another, but it can be done theoretically.
For a given level of power, there are four probabilities assigned to these consequences. For example, very low power will produce almost 100 % no damage or PDO incidents and no injury or fatal accidents. As the power level increases, the proportions of injury and fatal accidents gradually increase. At high power levels almost all incidents end up as severe injury or fatal accidents. Two things must be noted here. One is that the sum of the four consequence probabilities must always be equal to one. The other is that the consequences can be different even at the same level of power, depending on the level of restraint use by the occupants. Two extreme cases (fully restrained and unrestrained) have been examined and relationships have been established between power level and consequence probabilities. Since little is known about the relationship between power and its consequences, the relationships established are crude and must be subject to future elaborations and improvements.
To cover the entire range of power spectrum, barrier crash experiments have been chosen. As for the consequences, a study done at the University of Saskachewan attempted to relate the AIS level and the CDC extent ' number (University of Saskachewan 1976). A study done by Campbell establishes the relationship between speed and crash distance in rigid barrier crashes (Campbell 1974) . When the results of these two studies are combined, it is possible to establish a relationship between consequences and power levels. The results are shown in Fig. 1 One is for unrestrained and one for fully restrained occupants. Although the Saskachewan study differentiated between the age groups of the occupants, age 40 has been chosen to represent the entire population. It must be noted that AIS levels 0 and 1 are grouped as PDO, and AIS levels 5 and 6 are grouped as fatal. There is a minor adjustment applied at very low levels of power to account for unreported incidents which are likely of no damage or minor PDO. This adjustment resulted in an increase in PDO and a reduction in injury at lower power levels.
(6) Aggregation of Consequences Single vehicle trajectories simulated according to initial angle and speed conditions are aggregated in the grid matrix. When a vehicle encroaches at a point along the road, its trajectory is calculated using the PMS routine and the power developed at specified coordinate points is determined. The distance between two consecutive points is determined by the time increment used. The smaller the time increment, the more accurate is the trajectory. However the iteration time also increases. A good compromise between accuracy and efficiency is obtained when a trajectory has at least one point in each grid square. If more than one point falls within the same square for a particular trajectory, an average power value is computed and assigned. An exception to this rule is when power changes drastically within a square, such as where a landing impact or a crash to an object occurs. In such cases, the highest power is assigned to the square. The power calculated is then converted to consequences using the conversion tables discussed in the previous section. Each trajectory result is accumulated in the grid matrix until all trajectories have been considered.
So far the discussion has been concerned with but a single encroachment point. A fan-shaped trajectory sweep generated from other points, maybe only a few meters away from the point in consideration, may result in quite different power surfaces. A gradual shift of the encroachment point will result in overlapping, fan-shaped power surfaces (Fig. 2) . Their combined consequences are obtained by aggregation parallel to the road over a certain distance, into a single set of values. The final result of the RHSM is the consequence probabilities of a vehicle encroaching a certain roadside section.
SIMULATION EXAMPLES
(1) Object Relocation and Removal A series of experiments have been made using hypothetical situations to demonstrate the performance of the model. This example demonstrates the interrelated effects of an isolated object with different terrain Fig. 3 illusrtates the six alternatives examined in this experiment.
The speed distribution of encroaching vehicles is assumed to have a mean of 70 km/h and a standard deviation of 10 km/h. Full brake application throughout the encroachment is also assumed. The results are summarized in Table 1 . Three levels of seat belt usage are examined. Although the probabilities of fatal and injury accidents are very small in comparison with PDO or no damage for the section of road which includes the isolated rigid pole, the output indicates that the magnitudes of the consequences are in the right rank order. Some findings are as follows ;
The standard ditch terrain produces higher fatal and injury accident probabilities than does flat terrain. Fatal accidents probabilities decrease as the object is moved away from the edge of pavement and then removed in both terrains. Injury accident probabilities do not change as drastically as those for fatal accidents. This may be due to the fact that no differentiation is made within the injury accident category. In other words, the relative proportions of minor and serious injury accidents may be different although their combined probability remains nearly constant. The level of restraint system usage makes considerable difference in consequences. Full use of restraint systems reduces fatal and injury accident probabilities substantially. The differences in probabilities among the three object locations, including the no object case, indicate the effect of object removal and relocation. The same kind of treatment for a different terrain resulted in a different amount of probability changes. This indicates that effect of an object must be considered in relation to the terrain on which that object is located, and the effect of an object alone can not be isolated as a probability which is constant for any terrain. This finding is at variance with the conventional method of dealing with objects, where they are considered in isolation without regard to the terrain in which they are located.
(2) Installation of Guardrail The next experiment conducted was an examination of the effects of a guardrail installed to protect an isolated rigid pole located 4 m from the edge of pavement. This is similar to the last alternative in the previous example of standard ditch terrain, and all input conditions are set to the same values as before. Two different lengths of guardrail are compared with no-guardrail condition. Fig. 4 shows the three basic configrations of objects (pole and guardrail). The rigidity of the guardrail in comparison to the rigid wall is arbitrarily assumed to be $0 % for the end and 50 % for the mid section. The two lengths are also chosen arbitrarily to give the effects of different lengths of guardrail. The result is shown in Table 2 where the unprotected case is repeated from the previous table. The findings are ;
The shorter guardrail has a lower fatal accident probability than the unprotected pole for all seat belt usage categories. Slightly lower injury accident probabilities are also indicated. The longer guardrail actually increases the hazard potential for most categories of restraint use except for the fully restrained fatal accident catagory. Although this example is hypothetical, more rigorous examinations must be made with regard to the guardrail location and rigidity, it indicates that an excessively long guardrail can become more of a hazard than the object it is meant to shield.
APPLICATIONS AND MODIFICATIONS OF RHSM
The RHSM has been used in a number of studies and has undergone several revisions since it was first developed. Accompanying to the original study, a user's manual was developed to provide a simple procedure for estimating the degree of hazard represented by the roadside along any given section of highway without using a computer. The Roadside Hazard Probability Matrix has been created from a number of RHSM simulation runs to prepare a table which has all combinations of three types of terrain cross section geometries, three types of objects, two kinds of object rigidities and three object locations. The user can select the closest set of these variable combinations and estimate the consequence probabilities. The expected number of incidents of each type (no damage, PDO, injury and fatal) are calculated from the following equation.
where : Ci=number of incidents of type i, N =number of encroachments per km per year, Li= length of object component j parallel to roadway, P. =probability of incident type i due to the presence of object component j The number of encroachments per km per year must be obtained elsewhere and used as input to the estimation procedure. If the cost of each type of incident is defined, then the cost-effectiveness of a certain roadside hazard countermeasure can be tested. For example, shielding a rock-cut with a guardrail will decrease PDO, injury and fatal accidents at the cost of installing and maintaining the guardrail. The reduction in the cost of accidents will result in a net benefit if the encroachment rate is high enough.
The Road and Motor Vehicle Traffic Safety Branch, Transport Canada modified the computer program of the RHSM model for public distribution. They added a front-end routines to make the model more user friendly. This version (named as Version 5) accepts interactive input data entry and does preprocessing for the batch run. In addition, the cost-effectiveness analysis phase was incorporated as an integral part of the model.
Another extensive and substantial revision to the RHSM model was made in 1980 to study the effect of vehicle downsizing on the consequences of off-road excursions (DelCan 1981). The single vehicle trajectory routine assumed that no vehicle steer back occurred during an encroachment. A braking factor was used to account for cases where the wheels were locked and the vehicle slid down the roadside slope as opposed to the case where the vehicle wheels were rolling. An analysis of actual field data strongly suggested, however, that steer back is a very common occurrence and even the predominant situation. The revised model allows two choices. One is when the brakes are fully applied or wheels locked. The other is the brake is not applied and side slip is allowed depending on the slope and steering geometry.
Another modification is the assessment of vehicle stability on the slope transition point and on the down slope. The latter stability is associated with the steering angle and the side slip generated where a driver attempts a steer-back maneuver. As a rolled vehicle causes more serious consequences to occupants, the assessment of roll stability is an important model improvement (Cooper 1980 ).
The original RHSM assumed an intermediate size passenger car primarily due to the relationship with HVOSM. However, as the vehicle size is generally getting smaller and the effect of vehicle type difference is the subject of study, the revised RHSM model was extensively modified to incorporate eight different vehicle types. Not only the propensity of roll stability of different size, but the differences in impact consequences between large and small vehicles were examined and the model was modified. The revised RHSM was designated Version 6.
Twenty simulation runs were made with RHSM Version 6 covering 10 terrain and roadside object conditions for two vehicle sizes. The former were derived from a review of RTAC design standards together with knowledge of existing practice and are considered representative of a normal range of roadside coditions.
The latter were the 1990 design' mini-compact and larger cars respectively as assessed by the study group (Burtch et al. 1983 ).
The simulation results show that the occupants of small vehicles suffer higher probability of injury/fatality than do occupants of large vehicles when they crash with roadside objects such as poles and barriers. This is due to the shorter crash distance of small vehicles under otherwise identical crash conditions. The difference between consequences for small and large vehicles in the existing range of normal terrain negotiation is highly dependent on roll probability and the consequences of roll, and especially on the use of restraint systems. For various terrain conditions, the differences between large and small vehicles are relatively small if all the conditions are the same. Last but not least the author wishes to express a sincere appreciation to the JSCE Committee for the invitation of the paper.
